Biomolecular machines perform types of complex molecularlevel tasks that artificial molecular machines can aspire to. The ribosome, for example, translates information from the polymer track it traverses (messenger RNA) to the new polymer it constructs (a polypeptide) 1 . The sequence and number of codons read determines the sequence and number of building blocks incorporated into the biomachine-synthesized polymer. However, neither control of sequence 2,3 nor the transfer of length information from one polymer to another (which to date has only been accomplished in man-made systems through template synthesis) 4 is easily achieved in the synthesis of artificial macromolecules. Rotaxane-based molecular machines 5-7 have been developed that successively add amino acids 8-10 (including β -amino acids
Biomolecular machines perform types of complex molecularlevel tasks that artificial molecular machines can aspire to. The ribosome, for example, translates information from the polymer track it traverses (messenger RNA) to the new polymer it constructs (a polypeptide) 1 . The sequence and number of codons read determines the sequence and number of building blocks incorporated into the biomachine-synthesized polymer. However, neither control of sequence 2,3 nor the transfer of length information from one polymer to another (which to date has only been accomplished in man-made systems through template synthesis) 4 is easily achieved in the synthesis of artificial macromolecules. Rotaxane-based molecular machines [5] [6] [7] have been developed that successively add amino acids [8] [9] [10] (including β -amino acids 10 ) to a growing peptide chain by the action of a macrocycle moving along a mono-dispersed oligomeric track derivatized with aminoacid phenol esters. The threaded macrocycle picks up groups that block its path and links them through successive native chemical ligation reactions 11 to form a peptide sequence corresponding to the order of the building blocks on the track. Here, we show that as an alternative to translating sequence information, a rotaxane molecular machine can transfer the narrow polydispersity of a leucine-ester-derivatized polystyrene chain synthesized by atom transfer radical polymerization 12 to a molecular-machine-made homo-leucine oligomer. The resulting narrow-molecular-weight oligomer folds to an α -helical secondary structure 13 that acts as an asymmetric catalyst for the Juliá-Colonna epoxidation 14,15 of chalcones. To broaden the scope and potential utility of ribosome-inspired rotaxane synthesizing machines [8] [9] [10] 16, 17 , we decided to investigate translating length information from a parent polymer to a molecular-machine-synthesized product, with the aim of making a functional molecular object (Fig. 1) . Rotaxane-based machines that connect different building blocks in a particular order for sequencespecific synthesis require tracks built through multi-step synthesis [8] [9] [10] . This is unnecessary for translating length information from a parent track to a new homo-polymer and so, for this application, we chose for the thread polystyrene bearing leucine ester groups with a narrow molecular weight distribution achieved through atom transfer radical polymerization (ATRP) of styrene with p-leucyloxystyrene 12 .
A polystyrene-based track should be inert under the molecular machine operation conditions and is relatively rigid compared to other common polyolefins. Corey-Pauling-Koltun (CPK) models suggest that the macrocycle should slide along styrene regions of the track without significant hindrance but that a pendant leucine ester is sufficiently large to act as a barrier towards shuttling. Oligomers of leucine of sufficient length fold to a secondary structure that, like some other short peptides 18 , have efficacy in asymmetric catalysis.
Machine 1 was assembled by extending 9,10 one-barrier [2]rotaxane 2 with the leucine-bearing track 3 (Fig. 2a) . The synthesis of alkyneterminated polymer 3 was accomplished through copolymerization of styrene (5) and p-leucyloxystyrene (6) by ATRP 12 (Fig. 2b) . The reactivity ratio of styrene and a similar styrene ester, p-acetoxystyrene, is close to 1 (r 1 = 0.89 and r 2 = 1.22; r 1(2) is the probability of a chain terminated with monomer 1(2) adding a unit of monomer 1(2) rather than 2(1)) 19 , and so we anticipated that a styrene/pleucyloxystyrene couple would lead to a random copolymer. We targeted a monomer ratio of 11:1, representing an average distance of ~22 Å (unperturbed dimension) 20 between adjacent ester groups. Translating polydispersity from a parent polymer to a molecular-machine-built oligomer, which folds to a secondary structure that catalyses asymmetric epoxidation of a substrate.
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This spacing is similar to the distance (~20 Å) between the building blocks in other rotaxane peptide-synthesizing molecular machines [8] [9] [10] , which proved to be a good balance between the interbarrier distance and the overall track length. ATRP polymerization of monomers 5 (220 equiv.) and 6 (20 equiv.) was carried out from the trimethylsilyl(TMS)-alkyne-terminated initiator 4, stopping at 22% conversion of the monomers, to afford polymer 7 in a process that concomitantly cleaved the silyl group. The resulting polymer had a narrow molar mass dispersity (M w /M n = 1.10; M w = mass average molecular weight, M n = number average molecular weight) and an average molecular weight of 7,100 Da (Fig. 2c) . Its composition was in close agreement with the feeding ratio of 5 and 6, confirming the similar reactivities of the co-monomers. So as to prevent any undesired reaction of the vestigial benzylic bromide during operation of the machine, polymer 7 was subjected to radical debromination mediated by Bu 3 SnH to form 3 ( Fig. 2b ) 21 . Polymer track 3 was appended to [2] rotaxane 2 via copper(i)-catalysed azidealkyne cycloaddition (CuAAC) with Cu(CH 3 CN) 4 ·PF 6 to afford the elongated rotaxane 1 in 96% yield (Fig. 2a) . The composition of the machine-track composite 1 was determined by size-exclusion chromatography (SEC) (Fig. 2c) , matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry (MS) (Fig. 2d ) and 1 H and 13 C NMR spectroscopy (Supplementary Section 1). Due to the molar mass dispersity of the polystyrene, machinetrack composite 1 consists of a range of track lengths that also contain different numbers of leucine barriers. The 1 H NMR spectrum confirms an average of six leucine residues per machine, with a more detailed picture of the chain compositions revealed by MALDI and SEC (Fig. 2c-e) . The MALDI profile follows a Gaussian distribution with a median value around 9.6 kDa (Fig. 2d) . In Fig. 2d ,e the n = 10 7,000 8,000 9,000 10,000 11,000 12,000 peaks are colour-coded according to the number of leucine units incorporated into each machine-track conjugate. Determination of the relative abundances is complicated by the overlap of populations separated by five p-leucyloxystyrene units. However, the relative abundance of each population can be determined by combining the SEC data with the average composition obtained by NMR (Supplementary Section 1.4), revealing that 1 is composed of molecular machines bearing 3-13 (detected by MALDI) leucine residues, with the most abundant populations carrying 6-7 units.
Machine-track conjugate 1 was deprotected under acidic conditions to reveal the amines and thiol necessary for reaction. Active machine 8 was operated at 65 °C in dimethylformamide (DMF)-d 7 for 4 days in the presence of triethylamine and triphenylphosphine (to minimize disulfide formation [8] [9] [10] ), affording oligoleucine 9 (Fig. 3a) . Following a native chemical ligation (NCL) mechanism, the thiolate reacts with the first leucine phenolic ester that blocks the macrocycle's path on the track to form a thioester. The amino acid residue is then transferred to the glycylglycine amine group, regenerating the catalytic thiolate group in the process (Supplementary Section 2.6). The composition profile of the operation product, determined from the positive ion electrospray ionization (+ ESI) mass spectrum, reveals a narrow distribution of leucine oligomers ranging from 3 to 12 units and centred around 6 units (Fig. 3c) . These values are in close agreement with the theoretical composition of the operation product calculated from machine-track conjugate 1 (Fig. 3b) . The M w /M n (1.02) and degree of polymerization (DP) (6.5) values found for 9 closely match the theoretical values (M w /M n = 1.02, DP = 7.4) determined from Fig. 3b (Supplementary  Section 1.5 ). This contrasts to the distribution obtained from a noninterlocked system (Fig. 3d) , where a dummy initiator was reacted in similar conditions with 6 equiv. of a barrier mimic (leucine cresol ester), which furnished only a short oligomer 11 ( Supplementary  Section 2.8) . The results indicate that the molecular machine operates processively and that the polydispersity of the track is translated into the product with high fidelity by the action of the artificial molecular machine.
The room-temperature circular dichroism (CD) spectrum of machine product 9 in methanol has a maximum around 190 nm and two minima at 205 and 220 nm indicative of appreciable α -helix character within the random coil conformation typical of short peptides 13 ( Fig. 4d, yellow trace) 
22
. Homo-leucine oligomers of sufficient length to form an α -helix have been shown to act as effective asymmetric catalysts in the Juliá-Colonna epoxidation of chalcones 23 . Under similar conditions (Fig. 4c) , both the short-chain peptide 11 obtained from the dummy initiator (~2-3 leucine residues attached to AlaGlyGly) and machine product 9 (~6-7 leucine residues attached to CysGlyGly) gave good conversions of furyl chalcone 13 to the corresponding epoxide 14 (100 and 93%, respectively), but with modest enantiomeric excesses (e.e.) (16 and 26%, respectively) .
Oxidation of the thiol of 9 to the corresponding sulfonic acid occurs under the conditions of the Juliá-Colonna epoxidation, disrupting the α -helix hydrogen-bonding network. We therefore carried out reductive radical desulfurization of 9 to form the corresponding alanine derivative 12 (Fig. 4a) 
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. The CD spectrum of the desulfurized product, 12, showed similar α -helical secondary structure to 9 (Fig. 4d, purple trace) and, pleasingly, in the Juliá-Colonna 12 afforded epoxide 14 with quantitative conversion and excellent enantioselectivity (92% e.e.) in 18 h at room temperature (Fig. 4a) (higher conversion and similar asymmetric control to polyleucine itself 23 ). An artificial molecular machine has been developed that traverses a 50+ monomer unit long polystyrene track, picking up and connecting pendant building blocks to construct a new molecular chain with polydispersity information translated from the parent polymer. The time the machine takes to add six to seven leucine residues from this track (96 h) is significantly longer than the 36 h required to add three amino-acid residues in a previous peptide-synthesizing , as a consequence of both the size of the cyclic transition state and the length of track the macrocycle can access increasing with every amino acid addition. Biological synthesizing machines such as the ribosome 1 overcome the second issue through ratcheting 5 , a feature introduced in other synthetic molecular machines [25] [26] [27] [28] that might be usefully incorporated into future molecular synthesizer designs. Unlike shorter oligomers, the product of the oligoleucine synthesizing molecular machine folds to a persistent secondary structure, an α -helix, that enables it to act as an effective asymmetric catalyst. The synthesis of a folded oligopeptide catalyst by a molecular machine that moves along a track is reminiscent of the way enzymes are produced in biology. Learning how to mimic aspects of the tasks performed by biomolecular machines with much simpler structures should prove useful in understanding how to design and build increasingly complex small-molecule machines [29] [30] [31] , in terms of both mechanism and what they can achieve.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41565-018-0105-3. 18 h (11, 12) . d, CD spectra (298 K, MeOH) of 9 (0.137 mM, yellow trace) and 12 (0.140 mM, purple trace).
